Hydrogen peroxide is an ideal oxidant for industrial processes that produce useful chemicals such as propylene oxide, oxime and catechol because this environmentally benign oxidant has excellent oxygen atom efficiency and low cost. However, hydrogen peroxide is a weak oxidant with low selectivity, so application of hydrogen peroxide oxidation technology to the synthesis of complex organic compounds containing various functional groups remains challenging. We have found that various methods of hydrogen peroxide oxidation of olefins can be used to synthesize a wide range of fine chemicals. Here we report our recent investigations of a practical synthetic method that uses common metals and reusable catalysts to expand our previous catalytic system using tungstenbased catalysts using three components. For example, our new method employs high-speed styrene oxide synthesis using an iron picolinate catalyst, bulky sulfide oxidation employing a reusable titanosilicate zeolite catalyst, and high-conversion synthesis of nitroxide radical polymer. The desired compounds are formed in over 90 % selectivity despite their complex structures, under safe reaction conditions and with the high efficiency of hydrogen peroxide.
Introduction
Oxidation of organic compounds is an important reaction for the production of value-added chemicals. Generally, the selection of oxidants as well as that of reactants is important to promote a specific reaction 1) . For example, adipic acid, an important precursor to make 6,6-nylon, is synthesized by oxidation from mixed cyclohexanol and cyclohexanone compounds using nitric acid as the oxidant, and epoxy resins, frequently used as insulating resins in electronic devices, are produced by oxidation of the corresponding olefin using peracetic acid. However, these reactions also produce harmful waste chemicals such as nitrous oxide (N2O) and acetic acid. N2O is known as a greenhouse gas, and the worldwide production of 2.2 million tons/ year of adipic acid generates 400,000 tons/year of N2O. Acetic acid causes water pollution, and much effort is required to separate it from the crude products. Therefore, future industrial systems will require less environmentally damaging systems of oxidation 1),2) .
History of H2O2 Oxidation
Hydrogen peroxide (H2O2) is one of the best candidates for generating high-value chemicals under environmentally benign reaction conditions 3) . In particular, the only byproduct of the reaction is water. Another important feature is that H2O2 is generally used as an approximately 30-40 % aqueous solution (H2O2 aq.), in contrast with oxygen gas. For example, H2O2 aq. can be used for the generation of chemicals with high boiling points, by mixing with a liquid or dissolved solid precursor.
However, H2O2 has low potential, and identification of suitable catalytic systems compatible with the reactivity of specific precursors has been very difficult. H2O2 oxidation using catalysts was first reported around 1950, and catalytic reactions with high selectivity for target compounds were frequently reported after 1980. For example, H2O2 oxidation using a tungsten complex was reported in 1983, and H2O2 oxidation with tungstophosphoric acid and quaternary ammonium salt was reported in 1988 4) 6) . The concept of sustainable chemistry was proposed worldwide in 1990, and halideand solvent-free H2O2 oxidation using sodium tungstate, quaternary ammonium salt, and phosphonic acid was reported in 1996 as an example of an environmen-tally benign reaction 7) . Our research group reported tungsten-based catalysts that can oxidize reactants to give target products, such as terpene oxides, in good to excellent yields 8) . Our research into H2O2 oxidation recognized the importance of practical H2O2 oxidation for the synthesis of valueadded chemicals with high boiling points that are usually synthesized in organic solution. In addition, further development of basic techniques and concepts easily applicable to industrial synthesis is required to achieve the goals of high-speed synthesis, use of recyclable catalysts, and applicability to large-scale synthesis while maintaining the excellent yield percentages achieved on a laboratory scale.
Here we report three types of catalytic reactions that use H2O2 oxidation and meet the criteria of simplicity, ease of handling, and high selectivity to give useful compounds. The reactions are selective production of styrene oxide from styrene using an iron picolinate catalyst, oxidation of sulfides through tunable reactivity using an interlayer-modified titanosilicate zeolite catalyst, which is easily separated from the products, and synthesis of radical polymers on a kilogram scale by using tungsten-catalyzed peroxide species under low oxygen concentration conditions with appropriate reaction times. These three reactions achieve environmentally benign oxidation and low-cost synthesis and are good candidates for practical synthesis using H2O2.
2. Concept for Making Metal Peroxide Active
Species from Precatalyst and H2O2 Catalytic H2O2 oxidation can be achieved through the formation of a metal peroxide species from H2O2 and metal catalyst, because the metal peroxide active species can oxidize the reactant with good selectivity. Selectivity for the desired product through H2O2 oxidation requires use of a suitable metal oxide precursor to form a metal _ oxygen _ oxygen (M _ O _ O _ ) bond with superior characteristics to the simple decomposition of H2O2. The balance between the stability of the oxidation state and the redox potential of the precatalyst is critical for targeted oxidation, as production of the required metal peroxide in smooth and good yields facilitates the specified reaction without the formation of byproducts. Formation of a metal peroxide species seems to be the rate-determining step, and the reaction proceeds smoothly if the active species is successfully formed. However, the effects of the solvent, the relative thermal stabilities of the products and reactants, and the size of the contact area between the active site and the reactant should all be considered in the conditions of a highly selective reaction. The formed M _ OOH species can be converted to various configurations such as an M _ O _ O triangle shape, M O double bonded shape, and its dimer. The specific shape formed depends on the characteristics of the metal and of the reaction environment (Fig. 1). 
Result and Discussion

1. H2O2 O x i d a t i o n o f S t y re n e U s i n g I ro n
Complex Catalyst Iron is one of the most abundant metals and is easy to handle 9) . Iron is known to be an active catalyst for H2O2 oxidation, as iron complexes are involved in catalytic H2O2 activation processes in biological systems 10) . Since the beginning of this century, many efforts have been made to construct artificial systems with biomimetic iron complexes for H2O2 oxidation 9) . In addition, many useful methods for high-yield synthesis have been reported. However, some critical problems must be solved to achieve practical synthesis, such as the use of environmentally benign reagents that are chloridefree, reduction of H2O2 as a side reaction, and development of an easy handling process.
We have demonstrated high yield, high rate syntheses of styrene oxides using an iron complex coordinated by two types of picolinates in the presence of H2O2 11) . The developed iron catalyst was effective for the oxidation of various styrenes to give the corresponding epoxides in over 90 % yields at 25 under chloride-free conditions. The reaction must be easy to handle to obtain the target styrene oxides. The iron complex catalyst was prepared with simple mixing of 0.02 equivalent per substrate (eq.) of iron(II) acetate, 0.02 eq. of 2-picolinic acid (picH), and 0.02 eq. of 6-methyl-2-picolinic acid (Me-picH) in MeCN. Styrene (1.0 mmol) was poured into the prepared iron catalyst solution at 25 , followed by the addition of 1.40 eq. of 35 % H2O2 aq. for 10 min. After extra stirring for 5 min, the styrene was fully converted to styrene oxide in 95 % yield ( Table 1 , entry 4). Benzaldehyde and 2-phenyl-1-ethanol were produced as byproducts as 2 % of each yield. We also carried out a 100 g-scale H2O2 oxidation of styrene using 1.25 eq. of 35 % H2O2 aq. with the same iron catalyst solution used in entry 4 to produce styrene oxide in 80 % isolated yield, as shown in Scheme 1.
Oxidation of styrene was not observed in the absence of iron metal ( . The yield was also decreased if picH was fully replaced with Me-picH (Table 1, entry 6). In the latter case, generation of oxygen bubbles was observed at each addition of H2O2, indicating that the iron complex with Me-picH preferably catalyzes the disproportionation of H2O2 into oxygen and water prior to the epoxidation. Screening of picH : Me-picH ratios showed the optimum oxidation of styrene with picH : Me-picH 1 : 1 ( Table 1 , entries 2-6). In addition, 0.02 eq. of catalyst was sufficient for the reaction (Table 1, entries 4, 7, and 8). The reaction yield of styrene was lower using 1.0 eq. of H2O2 (73 % yield) because H2O2 was consumed during its decomposition.
Application of the developed catalyst to the oxidation of various styrenes and aromatic alcohols is shown in Table 2 . The oxidations were efficiently carried out with p-substituted styrenes in good yields. Even 4-phenyl styrene was smoothly oxidized to give the corresponding epoxide in 85 % yield with 97 % selectivity despite the disadvantage of its bulkiness. The catalytic activities for α-and β-branched styrene derivatives were lower, probably due to the steric repulsion between the substrates and the ligands located next to the active site of the catalyst. Interestingly, trans-β-styrene was selectively converted to trans-epoxide, and cis-β-styrene to cis-epoxide. The opposite isomer of each compound was not obtained at all. The stereoselectivities in the reactions of trans-β-styrene and cis-β-styrene were similar to those of epoxidation with the tungsten catalyst. Oxidation of trans-stilbene gave trans-epoxide in 80 % yield because the contact between the iron complex active site and the substrate occurred orthogonal to the stilbene plane, which consists of two phenyl groups, so these groups do not cause steric repulsion. Aliphatic olefins such as 1-octene were not effectively oxidized by this catalytic system. Cyclooctene was oxidized relatively easily, giving epoxycyclooctane in 77 % yield.
The magnetic susceptibility of catalyst solutions prepared from Fe(OAc)2, picH, and Me-picH, as calculated using the Evans NMR method, showed that the effective magnetic moment was μeff 5.00 μB, close to the spin-only value of high-spin iron(III) species of 4.90 μB. Fe II of Fe(OAc)2 is thought to be oxidized to Fe III species during preparation of the catalyst solution in air.
The structure of the mixed picolinate-coordinated iron complex catalyst was observed by single-crystal X-ray analysis. The molecular structure of the iron(III) complex [Fe 1 (0.02 eq) with 35 % H2O2 (1.25 eq.) gave styrene oxide in 93 % yield with 95 % selectivity. This result clearly showed that the iron active species are made from complex 1. Acetamide was not observed after the oxidation, so MeCN did not act as an oxidant but as a ligand and/or solvent. H2O2 epoxidation of styrene using 0.02 eq. of 1 in the presence of 0.02 eq. of a radical trapping agent, such as N-t-butyl-a-phenylnitrone or duroquinone, showed no reduction in the yields of epoxide. Competitive experiments using a 1 : 1 mixture of styrene and p-substituted styrene showed the Hammett linear free-energy relationship σ correlated well with ρ 1.1 (Fig. 3) . The negative ρ value suggests the electrophilic nature of the iron active species.
From these results, we tentatively postulated that [Fe III (pic)(Me-pic)(Me-picH)OOH] was generated from 1 and H2O2, followed by abstraction of water to gener- 15) . These results indicate that a suitable combination of picolinate derivatives can control the reactivity of the iron(V) active species. In addition, the two types of picolinate ligands (pic and Me-pic) can be easily purchased at low cost, and the unit chemical process of the simple mixing of the components is applicable to large-scale synthesis after appropriate modification for the target reaction.
Recyclable Titanosilicate Zeolite Catalyst for
H2O2 Oxidation of Sulfides Sulfoxides and sulfones are useful intermediates for various pharmaceuticals such as antifungal medications 16) . Numerous methods are available for the oxidation of sulfides using aqueous H2O2 as an oxidant 17) . Sulfides are easily oxidized by H2O2 to give sulfoxides and sulfones at high temperature and/or with long reaction time without a metal catalyst 18) . However, selective oxidation of sulfides under mild conditions can be achieved with optimized catalysts and/or reaction systems 19) . However, such reactions require large amounts of hazardous organic solvent and/or high temperature. In addition, a homogeneous catalyst is difficult to separate and reuse after the reaction. The use of solid titanosilicate zeolite catalysts, such as TS-1 and Ti-MWW, is very effective for achieving high-yield syntheses of various sulfoxides and sulfones for industrial processes, due to easy separation and reusability. Titanosilicate zeolite catalysts in the presence of H2O2 can oxidize sulfides to give sulfoxides and sulfones 20) . However, the relationship between zeolite structure and reactivity has not been investigated. Therefore, we investigated the effect of zeolite structure on catalytic activity for the oxidation of sulfides and tried to develop a working hypothesis based on our findings 21) . Three types of titanosilicate zeolite catalysts were prepared, TS-1, Ti-MWW, and Ti-IEZ-MWW, to check the effect of titanosilicate zeolite pore size on the catalytic activity of H2O2 oxidation.
TS-1, Ti-MWW, and Ti-IEZ-MWW were prepared in collaboration with Prof. Yokoi, Dr. Yoshioka, and Prof. Tatsumi for the experiments. TS-1 was chosen as a standard titanosilicate zeolite catalyst with an MFI-type structure containing three-dimensional 10-membered ring (3D 10-MR) pores 22) . Ti-MWW was prepared as an MWW-type structure containing two types of ring: 12-MR pores with a system of independent 10-MR channels 23) . Ti-IEZ-MWW was prepared as an interlayerexpanded MWW zeolite by silylation of the layered precursor of the MWW-type titanosilicate (Ti-MWW(P)) with diethoxydimethylsilane (DEDMS) under acidic conditions followed by calcination 24) . The atomic ratios of Si/Ti in the titanosilicate zeolite catalysts were estimated by inductively coupled plasma (ICP) analysis as 72, 57, and 86 for TS-1, Ti-MWW, and Ti-IEZ-MWW, respectively ( Table 4) . The BET (BrunauerEmmett-Teller) surface area of each titanosilicate zeolite catalyst was calculated from the amount of absorbed N2 on the surface as 471, 499, and 521 for TS-1, Ti-MWW, and Ti-IEZ-MWW, respectively ( Table 4) .
Thioanisole was selected as a screening substrate to estimate the catalytic activities of titanosilicate zeolite catalysts. The reaction was conducted with 35 % H2O2 (1.2 eq. to thioanisole) and titanosilicate zeolite catalyst ous stirring. The results are summarized in Table 4 . Reaction at lower temperature (25 ) without organic solvent reaction conditions for 2 h resulted in lower levels of sulfoxidation (18 % yield, Table 1 , entry 1). TS-1 is a common titanosilicate zeolite catalyst with good activity for H2O2 oxidation of sulfides in an optimized organic solvent. However, TS-1 did not show high activity under organic solvent-free conditions, but gave methyl phenyl sulfoxide in 53 % yield and methyl phenyl sulfone in 8 % yield ( Table 4 , entry 2). Ti-MWW showed high activity even under organic solventfree conditions to catalyze the sulfoxidation of thioanisole to give the corresponding sulfoxide in high yield (89 %, Table 4 , entry 3). Ti-MWW, with 10-MR interlayer pores, is much more active than TS-1 in the epoxidation of linear alkenes with H2O2 25) . Ti-IEZ-MWW showed high activity, giving methyl phenyl sulfoxide in 94 % yield with 94 % selectivity ( Table 4 , entry 4). The optimized amount of H2O2 was 1.2 eq. of 35 % H2O2. In addition, calcination of Ti-IEZ-MWW at 550 for 5 h just before the reaction was required to achieve optimize the catalytic oxidation of thioanisole. Although Ti-IEZ-MWW seems to show high activity derived from the 12-MR interlayer pores in addition to the MWW-type structure, it also tends to adsorb water and/or organic compounds which reduce the activity. . The application of Ti-IEZ-MWW-catalyzed H2O2 oxidation to various sulfides is shown in Table 5 . Methyl p-substituted phenyl sulfoxides were formed from the corresponding sulfides via H2O2 oxidation in high yields (75-92 %, Table 5 ). Reaction of 2-methyl sulfanyl pyridine, which includes a nitrogen atom as well as a sulfur atom as reactive sites, gave the corresponding sulfoxide in moderate to good yields (79 % yield). In these reactions, the N-oxide of 2-methyl sulfanyl pyridine was not observed. The chemoselectivity of Ti-IEZ-MWW was also checked using the reactions of allyl phenyl sulfide and 2-phenylthioethanol. Allyl phenyl sulfide and 2-phenylthioethanol were oxidized to give the corresponding sulfoxides in 72 % and 95 % yields, respectively ( Table 5) . No epoxide or carbonyl compounds were observed.
Ti-IEZ-MWW was especially effective for the oxidation of sulfides with bulky substituents, such as diphenyl sulfide. Oxidation of diphenyl sulfide using the Ti-IEZ-MWW catalyst gave the corresponding sulfoxide in good yield (50 % yield, Table 5 ). In contrast, oxidation of diphenyl sulfide using the TS-1 or Ti-MWW catalyst gave the corresponding sulfoxide in low yields (8 % and 29 % yields for TS-1 and Ti-MWW, respectively). The calculated TOFs were 15 for Ti-MWW and 41 for Ti-IEZ-MWW. Ti-IEZ-MWW showed higher catalytic activity for oxidation of diphenyl sulfide than Ti-MWW. The BET surface area of the titanosilicate zeolite catalysts was almost within the same range, so the reactivity of the catalysts correlated directly with the relative ease with which sulfides contacted the Ti active sites of the zeolites, similar to the case of Ti-beta. Potential advantages of MWW-type --18  0  95  2  TS-1  72  471  53  8  82  3  Ti-MWW  57  499  89  10  89  4  Ti-IEZ-MWW  86  521  94  6 materials are expected from the presence of supercages and side pockets, but access to the supercages is seriously restricted by the openings of the elliptical 10-MR pores. In contrast, Ti-IEZ-MWW has 12-MR interlayer pores, so bulkier aryl sulfides can access the Ti active sites of Ti-IEZ-MWW. TS-1 and Ti-MWW do not have 12-MR interlayer pores, so bulkier aryl sulfides cannot easily access the Ti active sites of TS-1 and Ti-MWW. Di-n-butyl sulfide was effectively oxidized by the Ti-IEZ-MWW catalyst to give di-n-butyl sulfoxide in 82 % yield. Sulfoxidation of diphenyl sulfide using Ti-IEZ-MWW catalyst was stopped by removal of the catalyst in the middle of the reaction. ICP analysis did not detect Ti in the filtrate of diphenyl sulfide oxidation.
These results clearly showed that the sulfoxidation was catalyzed at the Ti active sites on solid Ti-IEZ-MWW. The Ti-IEZ-MWW catalyst could easily be reused in the next reaction. Sulfoxidation of thioanisole gave the corresponding sulfoxide in 85-94 % yields, with no decrease in yields after five cycles ( Table 6 ). The Ti-IEZ-MWW catalyst was removed from the product after the reaction, washed with water and acetone, and then calcined at 550 for 5 h for use in the next reaction.
Oxidation of various sulfides to the corresponding sulfones was successfully carried out using 2.5 eq. of 35 % H2O2 aq. with Ti-IEZ-MWW catalyst at 50 for 3 h ( Table 7 ). This catalyst gave methyl phenyl sulfone quantitatively, and oxidized thioanisole deriva- tives, such as 4-methyl, 4-chloro, and 4-bromo thioanisole, to give the corresponding sulfones in high yields (87 %, 97 %, and 94 %, respectively). In contrast, TS-1 and Ti-MWW catalyzed oxidation of psubstituted thioanisoles to the corresponding sulfones in 28-35 % and 76-94 % yields, respectively. Nitrogencontaining sulfide was effectively oxidized with Ti-IEZ-MWW catalyst to give methyl pyridyl sulfone in 78 % yield. Allyl phenyl sulfide was oxidized with Ti-IEZ-MWW catalyst to give allyl phenyl sulfone in 61 % yields. Oxidation of 2-phenylthioethanol using Ti-IEZ-MWW gave 2-phenylsulfonylethanol in 55 % yield. Diphenyl sulfone was not observed (0 % yield) from oxidation using 2.5 eq. of 35 % H2O2 aq. with Ti-IEZ-MWW catalyst at 50 for 18 h under organic solvent-free conditions, and diphenyl sulfoxide was the only product; presumably because the generated sulfoxide is solid and does not make sufficient contact with H2O2 aq. and the titanosilicate zeolite catalyst. In contrast, diphenyl sulfide was oxidized with Ti-IEZ-MWW catalyst to the corresponding sulfone in 38 % yield with 93 % selectivity in toluene solution. However, the TS-1 and Ti-MWW catalysts showed no oxidation activity for diphenyl sulfide. The larger interlayer pore size of Ti-IEZ-MWW compared to those of TS-1 and Ti-MWW is effective for enabling the oxidation of bulky sulfides. Oxidation of alkyl sulfides such as din-butyl sulfide with Ti-IEZ-MWW catalyst also formed the corresponding sulfone in good yield (88 % yield).
The reaction mechanisms underlying the oxidation of sulfides catalyzed by titanosilicate zeolite have been investigated 20) . Reaction of titanosilicate zeolite catalyst with H2O2 forms Ti _ OOH active species accompanied by the desorption of silanol. In the presence of water, coordination of H2O molecules to the Ti _ OOH active species forms cyclic structures. Previous reports 20) and Hammett plots indicate the reaction mechanism occurs as follows (Fig. 4) . Nucleophilic attack of the sulfur atom to an oxygen atom of the Ti _ OOH active site leads to one oxygen transfer to form sulfoxide. Deoxygenated Ti _ OH is stabilized by coordination with water and reoxidized by the next H2O2 to reproduce the Ti _ OOH active species. The formation of sulfone is also explained by this mechanism; that is, nucleophilic attack of the sulfur atom of sulfoxide is a key step. Sulfoxides are generated with good selectivity at 25 because nucleophilic attack by sulfide is far superior to that by sulfoxide. The reactivity can be linked to the topology of the titanosilicate zeolite catalysts due to the relative ease of accessibility of the nucleophilic S atom on the sulfide to the O atom on the Ti _ OOH active site. Poly(2,2,6,6 ,-tetramethylpyperidinoxyl-4-yl-methacrylate) with 20 kg Scale Synthesis by Catalyzed H2O2 Oxidation 27) Innovative radical polymers, especially poly(2,2,6,6,-tetramethylpyperidinoxyl-4-yl-methacrylate) (PTMA), are extremely interesting for various value-added chemicals because of the unique electronic property of PTMA derived from its unique structure combining stable N _ O radicals 28) and ease of handling as a polymer. Two main oxidation methods are known to give PTMA: oxidation of the precursor neutral polymer by m-C P BA 29) a n d b y H2O2 a q . w i t h a l c o h o l s o l ve n t . However, the m-CPBA method requires chloroform or dichloromethane solvent, and forms m-chlorobenzylic acid as a deoxidized compound of m-CPBA, whereas the H2O2-alcohol method consumes four equivalents of H2O2 during the generation of explosive O2 gas.
3. Production of
The present method of catalysis can inexpensively, safely, and easily produce PTMA by oxidation of an imino-containing compound using only 2 eq. of H2O2 in nonhalogenated solvents to give the corresponding nitroxide radical in over 90 % yield. This particular work is a collaboration with Mr. Hashimoto, Mr. Kinpara, and Mr. Fujimoto of Sumitomo Seika Chemicals Co., Ltd. This new catalytic system was achieved by applying two key technologies: the combination of tungstic acid catalyst with phenyl phosphonic acid to activate the oxidation reaction, and the application of N,N-dimethylacetamide (DMAC) solvent to inhibit the unnecessary production of O2. Table 8 summarizes the advantages of our developed catalytic system. The optimized catalytic reaction was successfully scaled up to give 20 kg of the desired PTMA under safe reaction conditions (Fig. 5) . This synthesis is a good example of catalyst-derived production of fine chemicals, and is applicable to environmentally sustainable industrial processes. Generated PTMA with 20 kg yield (right) 27) . 
Conclusion
A practical method of synthesis based on H2O2 oxidation was proposed, focusing iron metal complex catalyst, titanosilicate zeolite catalyst, and PTMA production. This method has the advantages of high speed, easy recycling of the catalyst, and applicability to large-scale synthesis with low O2 emissions. A working hypothesis for generating peroxide species such as the metal _ OOH shape is required to start the construction of a method for H2O2 catalytic oxidation 30) , and continuous development will be required to achieve practical synthesis.
